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INTRODUCTION

The goal of this project is to determine the structures of the membrane-associated Bcl-2 family proteins which
play major regulatory roles in programmed cell death or apoptosis. The Bcl-2 family includes both pro- and
anti-apoptotic members that exert their activities through dimerization with other Bcl-2 family members,
binding to non-homologous proteins, and the formation of ion channels or pores, believed to regulate
apoptosis by perturbing mitochondrial physiology. Bcl-2 function is also regulated by subcellular location as
the proteins cycle between soluble and membrane-bound forms. The solution structures of several Bcl-2
family proteins are very similar despite their antagonistic activities, however, the structures of the membrane-
associated proteins are not known and may be key to their opposing functions. Moreover, most of the
structural and functional studies focused on soluble truncated proteins, lacking the C-terminal 20-residue
hydrophobic domain, which is present in many of the family members and is important for membrane
targeting. We are determining the structures of membrane-bound and full-length Bcl-2 proteins to gain
insights to their role in apoptosis. Functional studies are carried out in parallel with structure determination.
The results from these studies serve as a platform for additional structural and biological experiments aimed
at examining the structural consequences of modifications (mutations, cleavage, phosphorylation,
myristoylation) and interactions (with other Bcl-2 and non-homologous proteins), as we attempt to further
understand the mechanism of apoptosis regulation by Bcl-2 family proteins. We are focusing our studies on
Bcl-xL and Bid, two members of the Bcl-2 family with opposing apoptotic activities. The two proteins share
homology only in the BH3 domain, and Bid does not have a hydrophobic C domain.

BODY

The research accomplishments associated with the tasks outlined in the original Statement of Work (SOW)
are described below, and, in greater detail, in two manuscripts attached to the report [1, 2].

Specific Aim 1. Determine the structures of the membrane-associated Bcl2 proteins.

(1) Prepare milligrams of isotopically labeled full-length Bcl2 by expression in E. coli. We have
expressed and purified several recombinant members of the Bcl-2 family, Bcl-xL, Bid, Bim and several of
their mutants and truncated forms. The proteins are expressed in E coli as His-tagged proteins, or His-tagged
TrpALE fusion proteins using pET vectors, or as GST fusion proteins using pGEX vectors [1, 2]. Protein
expression is obtained in the minimal M9 media used for isotopic labeling, which is required for NMR.

(2) Prepare samples of Bcl2 in lipid bilayers for solid-state NMR, and lipid micelles for solution NMR.
We have prepared samples of Bcl-X,, Bid, and tBid in lipid micelles and lipid bilayers for both solution and
solid-state NMR structural studies. Recently, we described new methods for NMR sample preparation and for
rapid structure determination of membrane proteins in oriented lipid bilayers [3-5], which are being applied to
Bcl-2 proteins. These works are not directly associated with the tasks outlined in the SOW, however one of
them [4] acknowledges the grant, because the ideas partially resulted from our experiments on Bcl-2 family
proteins, funded by this grant. This manuscript has been included in the appendix (reprint number 3).

(3) Perform NMR experiments on Bcl2 proteins in lipid bilayers. We have obtained NMR spectra of Bel-
X, Bid, and tBid, in both lipid micelle and lipid bilayer environments [1, 2]. These spectra provide the first
view of their conformations at membranes, and are being analyzed for structure determination. The 'H/"°N
HSQC (heteronuclear single quantum correlation) NMR spectra from the purified proteins are well resolved
with the appropriate number of backbone and side chain resonances, reflecting pure and homogenous
preparations [1, 2], and we have assigned 80% of the resonances in full-length Bcl-X; in micelles
[unpublished]. These spectra provide the basis for structure-activity-relationship studies with molecules that
target Bcl-2 proteins. John Reed, our collaborator on this grant (5% effort), has identified a peptide that binds
Bax and Bid and modulates their activities [6], and we are carrying out solution NMR studies to map the
binding site on Bid.
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(4) Determine the structures using orientation constraints. We have measure several 'H/"N orientation
restraints from samples of Bid, and of C-terminal-deleted and full-length Bcl-X, in samples of micelles
oriented in stressed polyacrylamide gels, and lipid bilayers oriented on glass slides. We are using these
restraints to determine the membrane bound structures. Our studies on Bid and tBid, its activated product of
caspase-8 cleavage, demonstrate that tBid associates with the membrane with its helices parallel to the
membrane surface but without trans-membrane helix insertion. Thus the cytotoxic activity of tBid at
mitochondria may be similar to that observed for antibiotic polypeptides, which bind to the surface of
bacterial membranes as amphipathic helices and destabilize the bilayer structure promoting the leakage of cell
contents [1].

Specific Aim 2.

The functional studies, carried out in parallel with the structural work, serve the two purposes of (1) testing
the functionality of the Bcl-2 samples that we prepare for structure determination, and (2) characterizing the
biological functions of wild-type and mutant forms. We have tested the ability of recombinant tBid to induce
the release of mitochondrial proteins by incubating it with mitochondria isolated from HeLa cells, assaying
the supernatant and pelleted fractions with antibodies to cytochrome-c and SMAC. We also tested the ability
of recombinant tBid to bind Bcl-X|, since this interaction requires the BH3 domain and recombinant tBid
contains the mutation M97L in this segment. Recombinant tBid, used in the structural studies, is fully active
in its ability to induce cytochrome-c and SMAC release from isolated mitochondria, and its capacity to bind
anti-apoptotic Bcl-X through its BH3 domain is not disrupted by the M97L mutation. [1].

KEY RESEARCH ACCOMPLISHMENTS

1. We have expressed and purified milligram quantities of Bcl-2 family proteins (full-length Bel-Xy, tBid,
and Bim) that have been notoriously difficult to express and purify because of either poor solubility (Bcl-
X)) or toxicity (tBid) [1].

2. We have determined the secondary structure and topology of Bcl-X|. and tBid in membrane environments
[1,2].
3. We have confirmed the biological activity of recombinant tBid produced for NMR studies in bilayers [1].

4. We have assigned 80% of the spectrum of full-length Bcl-X;, including its hydrophobic C-terminus, in
lipid micelles, and have obtained orientation restraints for structure determination [unpublished].

REPORTABLE OUTCOMES
Publications directly related to the tasks associated with the SOW of DAMD17-02-1-0313.
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Gong X.-M., Choi J., Franzin C.M., Zhai D., Reed J.C., and Marassi F.M. (2004). Conformation of
membrane-associated pro-apoptotic tBid. J. Biol. Chem. 279, 28954-28960.

Publications that acknowledge support of DAMD17-02-1-0313.

Marassi, F.M., and Opella, S.J. (2003). Simultaneous assignment and structure determination of a
membrane protein from NMR orientational restraints. Protein Sci. 12, 403-411.
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Structures of the Membrane-associated Bcl-2 Apoptotic Proteins.

The aims are to: (1) Characterize the topology of membrane-associated Bcl2 proteins; (2) Determine the
structures of the membrane-associated Bcl2 proteins; and (3) Test the functions of wild-type and mutant Bel2
proteins. The structures are determined using NMR on samples of Bcl2 in lipid micelles and bilayers.
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National Institutes of Health / NIAID
Bim structure and apoptosis.

The aims are to: (1) Develop the expression and NMR sample preparation of pro-apoptotic Bim; (2) Perform
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activity of Bim.
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CONCLUSIONS

Our work in the past year has enabled us to obtain the first membrane-bound structural data on the Bcl-2
protein family, using solid-state NMR in lipid bilayer samples [1, 2]. The spectra provide the first structural
view of Bcl-X; and Bid in membranes, and provide insights to their function in apoptosis regulation. We are
currently working on NMR data analysis for three-dimensional structure determination, and have made
additional progress in developing the methodology for NMR structure determination of membrane proteins in
lipid bilayers [4]. In addition, in collaboration with John Reed, also at the Burnham Institute, we are carrying
out NMR experiments to map the binding site of an apoptosis regulatory peptide on pro-apoptotic Bid. The
work supported by this award and described in this report, enabled us to apply for funding from the National
Institutes of Health (RO1GM65374; R21A1063563) and the Department of Defense (BC044465) to extend the
project to include other Bcl-2 proteins.
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The proapoptotic Bcl-2 family protein Bid is cleaved
by caspase-8 to release the C-terminal fragment tBid,
which translocates to the outer mitochondrial mem-
brane and induces massive cytochrome ¢ release and
cell death. In this study, we have characterized the con-
formation of tBid in lipid membrane environments, us-
ing NMR and CD spectroscopy with lipid micelle and
lipid bilayer samples. In micelles, tBid adopts a unique
helical conformation, and the solution NMR 'H/'*N
HSQC spectra have a single well resolved resonance for
each of the protein amide sites. In lipid bilayers, tBid
associates with the membrane with its helices parallel
to the membrane surface and without trans-membrane
helix insertion, and the solid-state NMR "H/'°N polariza-
tion inversion with spin exchange at the magic angle
spectrum has all of the amide resonances centered at
15N chemical shift (70-90 ppm) and 'H-'°N dipolar cou-
pling (0-5 kHz) frequencies associated with NH bonds
parallel to the bilayer surface, with no intensity at fre-
quencies associated with NH bonds in trans-membrane
helices. Thus, the cytotoxic activity of tBid at mitochon-
dria may be similar to that observed for antibiotic
polypeptides, which bind to the surface of bacterial
membranes as amphipathic helices and destabilize the
bilayer structure, promoting the leakage of cell
contents.

Programmed cell death is initiated when death signals acti-
vate the caspases, a family of otherwise dormant cysteine pro-
teases. External stress stimuli trigger the ligation of cell sur-
face death receptors, thereby activating the upstream initiator
caspases, which in turn process and activate the downstream
cell death executioner caspases (1). In addition, caspases can be
activated when stress or developmental cues within the cell
induce the release of cytotoxic proteins from mitochondria. This
intrinsic mitochondrial pathway for cell death is regulated by
the relative ratios of the pro- and antiapoptotic members of the
Bcl-2 protein family (2).

Bel-2 family proteins exert their apoptotic activities through

* This research was supported by Department of the Army Breast
Cancer Research Program Grants DAMD17-00-1-0506 and DAMD17-
02-1-0313 (to F. M. M.), California Breast Cancer Research Program
Grant 8WB0110 (to F. M. M.), and National Institutes of Health Grant
RO1GM60554 (to J. C.R.). The NMR studies utilized the Burnham
Institute NMR Facility, supported by National Institutes of Health
Grant P30CA30199 and the Biomedical Technology Resources for Solid-
State NMR of Proteins at the University of California San Diego,
supported by National Institutes of Health Grant P41EB002031. The
costs of publication of this article were defrayed in part by the payment
of page charges. This article must therefore be hereby marked “adver-
tisement” in accordance with 18 U.S.C. Section 1734 solely to indicate
this fact.

$ To whom correspondence should be addressed: The Burnham Insti-
tute, 10901 N. Torrey Pines Rd., La Jolla, CA 92037. Tel.: 858-713-6282;
Fax: 858-713-6268; E-mail: fmarassi@yurnham.org.
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binding with other Bcl-2 family members or other nonhomolo-
gous proteins and through the formation of ion-conducting
pores that are thought to influence cell fate by regulating
mitochondrial physiology. Their functions are also regulated by
subcellular location, since they cycle between soluble and mem-
brane-bound forms. The proteins share sequence homology in
four evolutionarily conserved domains (BH1-BH4), of which
the BH3 domain is highly conserved and essential for both cell
killing and oligomerization among Bel-2 family members. The
antiapoptotic family members have all four domains, whereas
all of the proapoptotic members lack BH4, and some only have
BH3. These BH3-only proteins are activated by upstream
death signals, which trigger their transcriptional induction or
post-translational modification, providing a key link between
the extrinsic death receptor and intrinsic mitochondrial path-
ways to cell death (3).

One of these BH3-only Bcl-2 family members, Bid, is a 195-
residue cytosolic protein that lacks the hydrophobic C-terminal
domain often found in other Bel-2 family members and con-
nects the extrinsic and intrinsic cell death pathways (4). The
major mechanism for Bid activation involves its cleavage by
caspase-8, after engagement of the Fas or TNFR1 cell surface
receptors (5-7). Caspase-8 cleavage of Bid releases the 15-kDa
C-terminal fragment tBid, which translocates to the outer mi-
tochondrial membrane, where it induces massive cytochrome ¢
release and cell death. tBid has a 10-fold greater binding affin-
ity for its antagonist Bel-X;, and is 100-fold more efficient in
inducing cytochrome-c release from mitochondria than its full-
length precursor. Upon translocation from the cytosol to mito-
chondria, tBid can interact with proapoptotic Bax and Bak to
promote mitochondrial apoptosis (8, 9), or it can interact with
antiapoptotic Bel-2 and Bel-X;, and, thus, be sequestered from
the cell and held in check (10). Cell-free studies have shown
that Bid and Bax are sufficient to form large openings in
reconstituted lipid vesicles (11). In addition, tBid can promote
the alteration of membrane curvature in artificial lipid bilayers
(12), and it can associate directly with mitochondria, inducing
a remodeling of mitochondrial structure. tBid-induced mito-
chondrial remodeling is characterized by the reorganization of
inner membrane cristae to form a highly interconnected com-
mon intermembrane space and is accompanied by redistribu-
tion of the cytochrome ¢ stores from individual cristae to the
intermembrane space (13), which may account for the rapid
and complete release of mitochondrial cytochrome ¢ that is
observed in the presence of tBid.

The Bid BH3 domain, while essential for binding to other Bcl-2
family members, is not required for either translocation to the
outer mitochondrial membrane and mitochondrial remodeling or
complete cytochrome ¢ release. The specific targeting of tBid to
the outer mitochondrial membrane is mediated by the abundant
mitochondrial lipid cardiolipin (14, 15), whose metabolism fur-
ther regulates cytochrome ¢ release and mitochondrion-depend-
ent apoptosis in a Bcl-2- and caspase-independent manner (16).

This paper is available on line at http://www.jbc.org
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These lines of evidence suggest that Bid induces cell death
through two separate mechanisms, a BH3-dependent mecha-
nism that involves binding to other multidomain Bcl-2 family
members and a BH3-independent mechanism that involves di-
rect association and interaction with the outer mitochondrial
membrane.

The structure of full-length Bid in solution consists of eight
a-helices arranged with two central somewhat more hydropho-
bic helices forming the core of the molecule (17, 18). The third
helix, which contains the BH3 domain, is connected to the first
two helices by a long flexible loop, which includes the caspase-8
cleavage site, Asp®® (Fig. 1). Despite the lack of sequence ho-
mology, the structure of Bid is strikingly similar to those of
other anti- and proapoptotic multidomain Bcl-2 family proteins
(19-22), and it is also similar to the structure of the pore-
forming domains of bacterial toxins. Indeed, like the toxins and
other Bcl-2 family proteins, tBid also forms ion-conducting
pores in lipid bilayers (23). The structural basis for Bel-2 pore
formation is not known, since the structures that have been
determined are for the soluble forms of the proteins, but by
analogy to the bacterial toxins, the Bcl-2 pores are thought to
form by a rearrangement of their compactly folded helices upon
contact with the mitochondrial membrane. One model proposes
membrane insertion of the core hydrophobic helical hairpin
with the other helices folding up to rest on the membrane
surface, whereas an alternative model envisions the helices
rearranging to bind the membrane surface without insertion
(24, 25).

In this study, we have examined the conformation and topol-
ogy of tBid in lipid membrane environments, using solution
NMR and CD experiments with micelle samples and solid-state
NMR experiments with lipid bilayer samples. In the absence of
lipids, tBid is soluble and retains a largely helical conforma-
tion, but many of the "H/**N resonances are missing from the
solution NMR heteronuclear single quantum coherence
(HSQC)' spectrum, suggesting that tBid aggregates, adopts
multiple conformations, or undergoes dynamic averaging on
the NMR time scale. In micelles, tBid adopts a unique helical
conformation, reflected in the HSQC spectrum, where each of
the 130 amide sites gives rise to a single well resolved reso-
nance. The solid-state NMR polarization inversion with spin
exchange at the magic angle (PISEMA) spectrum of tBid in
lipid bilayers demonstrates that it binds the membrane with its
helices parallel to the membrane surface and without trans-
membrane helix insertion. This suggests that the BH3-inde-
pendent cytotoxic activity of tBid may be similar to that ob-
served for antibiotic polypeptides that bind to the surface of
bacterial membranes as amphipathic helices and destabilize
the bilayer structure, promoting the leakage of cell contents.

MATERIALS AND METHODS

Protein Expression—The gene encoding human tBid was obtained by
PCR amplification of the 405-base pair segment corresponding to amino
acids 60-195 of full-length human Bid (accession number P55957). The
gene was cloned into the pMMHa vector, which directs the expression of
proteins fused to the C terminus of the His,-TrpALE polypeptide (26).
The plasmid was transformed in Escherichia coli C41(DE3), a mutant
strain that was selected for the expression of insoluble or toxic proteins
(27). tBid was expressed as an insoluble protein, with the Hisy-TrpALE
polypeptide fused to its N terminus. To enable CNBr (cyanogen bro-
mide) cleavage of tBid from the TrpALE fusion partner, the Met resi-
dues (Met?”, Met'4?, Met'*®, and Met'®*) in the tBid sequence were

! The abbreviations used are: HSQC, heteronuclear single quantum
coherence; PISEMA, polarization inversion with spin exchange at the
magic angle; SMAC, second mitochondria-derived activator of caspases;
NTA, nitrilotriacetic acid; DOPC, 1,2-dioleoyl-sn-glycero-3-phosphocho-
line; DOPG, 1,2-dioleoyl-sn-glycero-3-[phospho-rac-(1-glycerol)]; LPPG,
1-palmitoyl-2-hydroxy-sn-glycero-3-[phospho-rac-(1-glycerol)].
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changed to Leu. The His,-TrpALE-tBid fusion protein was purified from
the inclusion body fraction of the lysate by nickel affinity chromatog-
raphy (His‘Bind Resin (Novagen, Madison, WI) in 6 M guanidine HCI,
20 mMm Tris-Cl, pH 8.0, 500 mm NaCl, 500 mM imidazole). After dialysis
against water, the fusion protein was dissolved in 0.1 N HCI and then
cleaved from the TrpALE fusion partner by reaction with a 10-fold
molar excess of CNBr (28). tBid was purified by reverse-phase high
pressure liquid chromatography (Delta-Pak C4 (Waters, Milford, MA)
in 50% water, 50% acetonitrile, 0.1% trifluoroacetic acid). The methods
for inclusion bodies isolation and fusion protein purification were as
described (26, 29). Cell cultures were in M9 minimal medium as de-
scribed (29). For the production of uniformly '°N-labeled proteins,
(**NH,),S0, was supplied as the sole nitrogen source. For selectively
labeled protein, individual '*N-labeled and nonlabeled amino acids
were provided. All isotopes were from Cambridge Isotope Laboratories
(Andover, MA).

Mitochondrial Release Assays—HeLa cells were harvested and then
washed and suspended in HM buffer (10 mm HEPES, pH 7.4, 250 mMm
mannitol, 10 mm KCI, 5 mm MgCl,, 1 mm EGTA, 1 mM phenylmethyl-
sulfonyl fluoride, and complete protease inhibitor mixture (Roche Ap-
plied Science)). Cells were homogenized with 50 strokes of a Teflon
homogenizer with a B-type pestle and centrifuged twice at 600 X g for
5 min at 4 °C. The supernatant was centrifuged at 10,000 X g for 10 min
at 4 °C, and the resulting pellet, containing mitochondria, was washed
twice in HM buffer and then suspended in HM buffer at a concentration
of 1 mg/ml. Isolated HeLa mitochondria (10 ul) were incubated with HM
buffer (50 ul) containing increasing amounts of tBid at 30 °C for 1 h.
The samples were centrifuged at 10,000 X g for 10 min, and the pellet
and supernatant fractions were each resolved by SDS-PAGE and ana-
lyzed by immunoblotting using cytochrome ¢ and second mitochondria-
derived activator of caspases (SMAC) antibodies.

Bel-X; Binding Assays—The expression of recombinant His-tagged
Bcl-X; (AC), without the C-terminal amino acids 212-233, was as de-
scribed (30). For the binding assays, Hisg-Bcl-X;(AC) protein (15 ug)
was incubated at 4 °C for 4 h with 10 ul of Ni**-NTA resin (Novagen,
Madison, WI) in phosphate-buffered saline buffer (10 mm sodium phos-
phate, 150 mMm sodium chloride, pH 7.2), and then the resin was washed
three times, tBid (15 pg) was added, and the mixture was further
incubated for 4 h. The resin was washed three times with phosphate-
buffered saline, and then the bound proteins were eluted with 500 mm
imidazole. The samples were resolved by SDS-PAGE stained with Coo-
massie Blue. As a control, tBid was incubated with the resin in the
absence of Bel-X;.

CD Spectroscopy—The samples were identical to those used for so-
lution NMR experiments but contained 40 uM tBid. The samples were
transferred to a quartz cuvette (0.1-mm path length), and far-UV CD
spectra were recorded at 25 °C on a model 62A-DS CD spectrometer
(Aviv, Lakewood, NJ) equipped with a temperature controller. A 5-s
time constant and a 1-nm bandwidth were used during data acquisition
over a wavelength range of 180-260 nm. For each sample, three spectra
were recorded, averaged, and referenced by subtracting the average of
three spectra obtained using the buffer alone. The spectra were ana-
lyzed for protein secondary structure with the k2d program (available
on the World Wide Web at www.embl-heidelberg.de/~andrade/k2d/)
(31).

Solution NMR—The sample of tBid without lipids contained 0.7-1
mM *5N-labeled tBid, in 50 mM sodium phosphate, pH 5. In the absence
of lipids, tBid is not soluble in the millimolar concentrations required
for NMR at pH values greater than 5. The samples of tBid in micelles
contained 1 mM **N-labeled tBid in 20 mM sodium phosphate, pH 7,
with 500 mM SDS (Cambridge, Andover, MA) or 100 mM 1-palmitoyl-
2-hydroxy-sn-glycero-3-[phospho-rac-(1-glycerol)] (LPPG); Avanti,
Alabaster, AL).

Solution NMR experiments were performed on a Bruker AVANCE
600 spectrometer (Billerica, MA) with a 600/54 Magnex magnet (Yarnton,
UK), equipped with a triple-resonance 5-mm probe with three-axis field
gradients. The two-dimensional *H/**N HSQC (32) spectra were ob-
tained at 40 °C. The '°N and 'H chemical shifts were referenced to 0
ppm for liquid ammonia and tetramethylsilane, respectively. The NMR
data were processed using NMR Pipe and rendered in NMR Draw (33)
on a Dell Precision 330 MT Linux work station (Round Rock, TX).

Solid-state NMR—The lipids, 1,2-dioleoyl-sn-glycero-3-phosphocho-
line (DOPC) and 1,2-dioleoyl-sn-glycero-3-[phospho-rac-(1-glycerol)]
(DOPG) were from Avanti (Alabaster, AL). Samples of tBid in lipid
bilayers were prepared by mixing 5 mg of **N-labeled tBid in water with
100 mg of lipids (DOPC/DOPG, 6:4 molar ratio) that had been sonicated
in water to form unilamellar vesicles. The protein and lipid vesicle
mixture was incubated on ice for 30 min and then distributed onto the
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Fic. 1. Amino acid sequence of human Bid (accession number P55957). The eight helices (H1-H8) are those determined in the solution
NMR structure of full-length human Bid (Protein Data Bank number 2BID) (17). The central core helices are H6 and H7. The BH3 domain in H3
and the putative lipid binding motif before H6 are in boldface type and underlined. The arrow marks the caspase-8 cleavage site at Asp®’, and the
sequences of both wild-type and recombinant tBid start at Gly®'. The asterisks mark the four Met residues that were mutated to Leu in

recombinant tBid.

surface of 15 glass slides (11 X 11 X 0.06 mm; Marienfeld, Germany).
After allowing excess water to evaporate at 40 °C, the slides were
stacked and equilibrated for 12 h at 40 °C and 93% relative humidity,
in order to form oriented lipid bilayers. The samples were wrapped in
parafilm and then sealed in thin polyethylene film prior to insertion
in the NMR probe. Hydrogen-exchanged samples were prepared by
exposing the stacked oriented bilayer samples to an atmosphere
saturated with D,0.

Solid-state NMR experiments were performed on a Bruker AVANCE
500 spectrometer (Billerica, MA) with a 500/89 AS Magnex magnet
(Yarnton, UK). The home-built "H/**N double resonance probe had a
square radiofrequency coil (11 X 11 X 3 mm) wrapped directly around
the samples. The one-dimensional '*N chemical shift spectra were
obtained with single contact cross-polarization with mismatch-opti-
mized IS polarization transfer (34, 35). The two-dimensional spectra
that correlate *N chemical shift with *H-'*N dipolar coupling were
obtained with PISEMA (36). The spectra were obtained with a cross-
polarization contact time of 1 ms, a *H 90° pulse width of 5 us, and
continuous *H decoupling of 63-kHz radio frequency field strength. The
two-dimensional data were acquired with 512 accumulated transients
and 256 complex data points, for each of 64 real t1 values incremented
by 32.7 us. The recycle delay was 6 s. The N chemical shifts were
referenced to 0 ppm for liquid ammonia. The data were processed using
NMR Pipe and rendered in NMR Draw (33) on a Dell Precision 330 MT
Linux work station (Round Rock, TX).

Calculation of Solid-state NMR Spectra—Two-dimensional *H/**N
PISEMA spectra were calculated on a Linux Dell computer as described
previously (37). The *N chemical shift and *H-'*N dipolar coupling
frequencies were calculated for various orientations of an 18-residue
a-helix, with 3.6 residues per turn and uniform backbone dihedral
angles for all residues (¢ = —57°; ¢ = —47°). The principal values and
molecular orientation of the *N chemical shift tensor (oy; = 64 ppm;
0y = 77 ppm; 033 = 217 ppm; angle (o, NH) = 17°) and the NH bond
distance (1.07 A) provided the input for the spectrum calculation at
each helix orientation.

RESULTS

Protein Expression and Biological Activity—Full-length Bid
can be expressed at high levels, in E. coli, as a soluble protein,
but tBid overexpression is toxic for bacterial cells. To produce
milligram quantities of *®N-labeled tBid for NMR studies, we
used the pMMHa fusion protein vector that directs high level
protein expression as inclusion bodies, and we transformed the
plasmid in E. coli C41(DE3) cells, selected for the expression of
insoluble and toxic proteins (27). tBid was separated from the
fusion partner by means of CNBr cleavage at the engineered
N-terminal Met residue (26). This method yields ~10 mg of
purified ®N-labeled tBid from 1 liter of culture. To avoid cleav-
age within the tBid segment, the four Met residues in the tBid
amino acid sequence were mutated to Leu (Fig. 1, asterisks),
and therefore, it was important to demonstrate that the recom-
binant protein retained its biological activity.

We tested the ability of recombinant tBid to induce the
release of mitochondrial proteins by incubating it with mito-
chondria isolated from HeLa cells, assaying the supernatant
and pelleted fractions with antibodies to cytochrome ¢ and
SMAC. Fig. 2A demonstrates that, in both cases, tBid is fully
active, in a dose-dependent manner and at levels similar to
wild-type tBid obtained by caspase-8 cleavage (38). Next we

A tBid (nM)
3. 27 &
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FiG. 2. Recombinant tBid induces the release of cytochrome-c
and SMAC from isolated mitochondria and binds to Bcl-
vitro. A, isolated HeLa mitochondria (10 ul, 1 mg/ml) were incubated
with increasing amounts (0-133 nM in 50 ul) of tBid. The supernatant
(S) and pellet (P) fractions were separated by centrifugation, resolved
on SDS-PAGE, and analyzed by Western blotting with either cyto-
chrome ¢ (fop) or SMAC (bottom) antibody. In B, Ni**-NTA resin (10 ul)
was incubated first with His-Bcl-X; (AC) (15 pg) and then with tBid (15
wg). The Ni**-NTA-bound protein was eluted with 500 mm imidazole,
and the samples were resolved by SDS-PAGE and stained with Coo-
massie Blue (lane 5). In the control experiment, tBid was directly
incubated with the resin without preincubation with Bcl-X; (AC) (lane
4). Individual Bel-X; (AC) monomers (24 kDa) are resolved in lane 2, and
individual tBid monomers (15 kDa) are resolved in lane 3. Molecular
weight markers are shown in lane 1.

tested the ability of recombinant tBid to bind Bcl-X;, since this
interaction requires the BH3 domain, and recombinant tBid
contains the mutation M97L in this segment. When recombi-
nant tBid, which does not have a His tag, was incubated with
Ni?*-NTA without Bel-X;, it did not bind the resin, as evi-
denced by the absence of tBid in the imidazole elution (Fig. 2B,
lane 4). However, when tBid was incubated with Ni?*-NTA
that had been previously incubated with His-tagged Bel-X;, it
also bound to the resin and eluted with Bel-X, in imidazole
(Fig. 2B, lane 5).

Thus, we conclude that recombinant tBid, isolated from in-
clusion bodies, is fully active in its ability to induce cytochrome
¢ and SMAC release from isolated mitochondria and that its
capacity to bind antiapoptotic Bel-X;, through its BH3 domain
is not disrupted by the M97L mutation. The pMMHa vector
may be generally useful for the high level expression of other
proapoptotic proteins that are difficult to express because of
their cytotoxic properties. The use of chemical cleavage elimi-
nates the difficulties, poor specificity, and enzyme inactivation,
often encountered with protease treatment of insoluble pro-
teins, and in cases where Met mutation is not feasible, protein
cleavage from the fusion partner can be obtained enzymatically
by engineering specific protease cleavage sites for the com-
monly used enzymes thrombin, Fxa, enterokinase, and tobacco
etch virus protease. Thrombin and tobacco etch virus retain
activity in the presence of detergents, including low millimolar
concentrations of SDS.

tBid in Lipid Micelles—The cleavage of Bid by caspase-8
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Fic. 3. tBid adopts a helical fold in lipid micelles. The CD spectra in A were obtained at 25 °C for tBid in aqueous solution (solid line), SDS
micelles (broken line), or LPPG micelles (dotted line). The *H/**N HSQC NMR spectra in B-D were obtained at 40 °C for uniformly **N-labeled tBid,
in aqueous solution (B), SDS micelles (C), or LPPG micelles (D). Aqueous samples were in 20 mM sodium phosphate, pH 5; SDS micelle samples
were in 20 mM sodium phosphate, pH 7, 500 mM SDS; and LPPG micelle samples were in 20 mM sodium phosphate, pH 7, 100 mm LPPG.

results in a C-terminal product, tBid, which targets mitochon-
dria and induces apoptosis with strikingly enhanced activity
(5-7). To characterize the conformation of tBid in lipid envi-
ronments, we obtained its CD and solution NMR *H/*N HSQC
spectra in the absence or in the presence of lipid micelles (Fig.
3). The HSQC spectra of proteins are the starting point for
additional multidimensional NMR experiments that lead to
structure determination. In these spectra, each '°N-labeled
protein site gives rise to a single peak, characterized by 'H and
15N chemical shift frequencies that reflect the local environ-
ment. In addition, the peak line widths and line shapes and
their dispersion in the *H and *N frequency dimensions reflect
protein conformation and aggregation state.

In the absence of lipids, the CD spectrum of tBid displays
minima at 202 and 222 nm, characteristic of predominantly
helical proteins (Fig. 34, solid line). The helical content esti-
mated from the CD spectrum is ~65%, which is similar to the
67% helical content determined from the three-dimensional
structure of Bid (17) for the 135 C-terminal amino acids that
correspond to tBid. However, whereas tBid retains its helical
conformation even when it is separated from the 60-residue
N-terminal fragment, many of the resonances in its *H/**N
HSQC spectrum cannot be detected (Fig. 3B), suggesting that
the protein aggregates in solution, adopts multiple conforma-
tions, or undergoes dynamic conformational exchange on the
NMR time scale. tBid has very limited solubility at pH values
greater than 5, and the addition of KCl up to 200 mm did not
improve the appearance of the HSQC spectrum, whereas KCI
concentrations above 200 mm yielded a gel. This behavior is
consistent with the dramatic changes in the physical properties
of the protein that accompany caspase-8 cleavage. Bid has a
theoretical pI of 5.3 and a net charge of —7, but caspase-8
cleavage and removal of the 60 N-terminal amino acids shift
these parameters to the opposite end of their spectrum, and
tBid has a pl of 9.3 and a net charge of +2. In addition, the
removal of helix-1 and helix-2 following caspase-8 cleavage
exposes hydrophobic residues in the BH3 domain in helix-3 and
in the central core helices, helix-6 and helix-7 (17, 18, 23).

When tBid associates with lipid micelles, its HSQC spectrum
changes dramatically, and single, well defined *H/*°N reso-
nances are observed for each *N-labeled NH site in the pro-
tein, indicating that tBid adopts a unique conformation in this
environment (Fig. 3, C and D). Micelles provide suitable mem-
brane mimetic samples for solution NMR studies of membrane
proteins and a realistic alternative to organic solvents, because

their small size affords rapid and effectively isotropic reorien-
tation of the protein and because their amphipathic nature
simulates that of membranes. The principle goal of micelle
sample preparation is to reduce the effective rotational corre-
lation time of the protein so that resonances will have the
narrowest achievable line widths while providing an environ-
ment that maintains the protein fold.

Several lipids are available for protein solubilization, and we
tested both SDS (Fig. 3C) and LPPG (Fig. 3D) for their ability
to yield high quality HSQC spectra of tBid for structure deter-
mination. Both gave excellent spectra where most of the 130
tBid amide resonances could be resolved. Both SDS and LPPG
are negatively charged, but they differ substantially in the
lengths of their hydrocarbon chains (C12 for SDS; C16 for
LPPG) and their polar headgroups (sulfate for SDS; phosphati-
dylglycerol for LPPG); thus, the differences in 'H and N
chemical shifts between the two HSQC spectra most likely
reflect the different lipid environments. The spectrum in LPPG
has exceptionally well dispersed resonances with homogeneous
intensities and line widths. LPPG was recently identified as a
superior lipid for NMR studies of several membrane proteins
(39) and is particularly interesting for this study because it is a
close analog of cardiolipin and monolysocardiolipin, the major
components of mitochondrial membranes that bind tBid (14).

In both the SDS and LPPG spectra, the limited chemical
shift dispersion is typical of helical proteins in micelles, and
this is confirmed by the corresponding CD spectra, which are
dominated by minima at 202 and 222 nm, and thus show that
tBid retains a predominantly helical fold in both types of mi-
celles (Fig. 3A, broken and dotted lines). We estimated the
helical content of tBid in lipid micelles to be ~65%, similar to
that of tBid in the absence of lipids and to the value determined
for the 135-residue C-terminal segment in the three-dimen-
sional solution structure of Bid (17).

tBid in Lipid Bilayers—By analogy to the structurally ho-
mologous colicin and diphtheria bacterial toxins, the mecha-
nism of pore formation by tBid has been thought to involve
insertion through the membrane of the two central core helices,
helix-6 and helix-7 (23, 25). To examine the conformation of
tBid associated with membranes, we obtained one-dimensional
15N chemical shift and two-dimensional *H/*N PISEMA solid-
state NMR spectra of ®N-labeled tBid reconstituted in lipid
bilayers (Fig. 4). In these samples, the lipid composition of 60%
DOPC and 40% DOPG was chosen to mimic the highly negative
charge of mitochondrial membranes. This lipid composition is
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FiG. 4. Solid-state NMR spectra of tBid in lipid bilayers show
that tBid binds membranes with a unique fold and parallel
orientation. A, one-dimensional **N chemical shift spectrum of uni-
formly '°N-labeled tBid in unoriented lipid bilayer vesicles (solid line)
and powder pattern calculated for a rigid '*N amide site (dotted line). B,
one-dimensional '*N spectrum of selectively *N-Lys-labeled tBid in
oriented lipid bilayers. C, one-dimensional **N spectrum of uniformly
15N-labeled tBid in oriented lipid bilayers. D, two-dimensional *H/**N
PISEMA spectrum of tBid in oriented lipid bilayers.
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identical to that of the liposomes used for the measurement of
the ion channel activities of Bid and tBid (23), and since the
oriented lipid bilayers used in this study were obtained from
liposomes prepared in the same way as for the channel studies,
the NMR spectra obtained in this work represent the channel-
active conformation of tBid.

When the lipid bilayers are oriented with their surface per-
pendicular to the magnetic field, the solid-state NMR spectra of
the membrane-associated proteins trace out maps of their
structure and orientation within the membrane and thus pro-
vide very useful structural information prior to complete struc-
ture determination. For example, helices give characteristic
solid-state NMR spectra where the resonances from amide
sites in the protein trace-out helical wheels that contain infor-
mation about helix tilt and rotation within the membrane (37,

40, 41). Typically, trans-membrane helices have PISEMA spec-
tra with N chemical shifts between 150 and 200 ppm, and
1H-15N dipolar couplings between 2 and 10 kHz, whereas hel-
ices that bind parallel to the membrane surface have spectra
with shifts between 70 and 100 ppm and couplings between 0
and 5 kHz. We refer to these as the trans-membrane and
in-plane regions of the PISEMA spectrum, respectively.

The '®N chemical shift spectrum of tBid in unoriented lipid
bilayer vesicles is a powder pattern (Fig. 4A, solid line) that
spans the full range (60-220 ppm) of the amide '°N chemical
shift interaction (Fig. 44, dotted line). The absence of addi-
tional intensity at the isotropic resonance frequencies (100—
130 ppm) demonstrates that the majority of amino acid sites
are immobile on the time scale of the *N chemical shift inter-
action, although it is possible that some mobile unstructured
residues cannot be observed by cross-polarization. The peak at
35 ppm is from the amino groups at the N terminus and side
chains of the protein.

The spectrum of tBid in planar oriented lipid bilayers is very
different (Fig. 4C). The amide resonances are centered at a
frequency associated with NH bonds in helices parallel to the
membrane surface (80 ppm), whereas no intensity is observed
at frequencies associated with NH bonds in trans-membrane
helices (200 ppm). The resonances near 120 ppm are unlikely to
result from mobile sites, since little or no isotropic intensity is
observed in the spectrum from unoriented bilayers; instead,
they probably reflect specific orientations of their correspond-
ing sites near the magic angle, which corresponds to 35.3° from
the membrane surface. The NMR data show no evidence of
conformational exchange on the millisecond to second time
scale of the channel opening and closing events, excluding the
possibility of transient insertion of tBid in the membrane.
Therefore, we conclude that tBid binds strongly to the mem-
brane surface, adopting a unique conformation and orientation
in the presence of phospholipids.

Amide hydrogen exchange rates are useful for identifying
residues that are involved in hydrogen bonding and that are
exposed to water. The amide hydrogens in trans-membrane
helices can have very slow exchange rates due to their strong
hydrogen bonds in the low dielectric of the lipid bilayer envi-
ronment, and their ®N chemical shift NMR signals persist for
days after exposure to D,0O (42). On the other hand, trans-
membrane helices that are in contact with water because they
participate in channel pore formation and other water-exposed
helical regions of proteins have faster exchange rates, and their
NMR signals disappear on the order of hours (43). To examine
the amide hydrogen exchange rates for membrane-bound tBid,
we obtained solid-state NMR spectra after exposing the ori-
ented lipid bilayer sample to D,O for 2, 5, and 7 h. The majority
of resonances in the °N chemical shift spectrum of tBid disap-
peared within 7 h, indicating that the amide hydrogens ex-
change and, hence, are in contact with the lipid bilayer inter-
stitial water.

The tBid amino acid sequence has four Lys residues (Lys'*,
Lys'#6, Lys'®?, and Lys'®®), all located in or near helix-6, one of
the two helices thought to insert in the membrane and form the
tBid ion-conducting pore. The spectrum of *N-Lys-labeled tBid
in bilayers is notable because its amide resonances all have
chemical shifts near 80 ppm, in the in-plane region of the
spectrum, and this cannot be reconciled with membrane inser-
tion (Fig. 4B). Since tBid maintains a helical fold in lipid
micelles and it is reasonable to assume that the helix bound-
aries are not appreciably changed from those of full-length Bid,
the solid-state NMR data demonstrate that helix-6 does not
insert through the membrane but associates parallel to its
surface. This is also supported by recent EPR data (44).
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FiG. 5. Two-dimensional solid-state NMR "H/'*N PISEMA spectrum of uniformly '*N-labeleld tBid in oriented lipid bilayers. The
experimental spectrum (A) is compared with the theoretical spectra (B-F) calculated for an 18-residue a-helix, with uniform backbone dihedral
angles (¢ = —57°; ¢ = —47°) and different helix tilts (0—60°) relative to the membrane surface, as depicted in the schematic diagrams above the
spectra. The 0° orientation is for a helix parallel to the membrane surface.

These findings are confirmed and refined with the two-di-
mensional "H/*>N PISEMA spectrum of tBid in bilayers (Fig.
4D). Each amide site in the protein contributes one correlation
peak, characterized by H-'°N dipolar coupling and '°N chem-
ical shift frequencies that reflect NH bond orientation relative
to the membrane. For tBid, the circular wheel-like pattern of
resonances in the spectral region bounded by 0-5 kHz and
70-90 ppm provides definitive evidence that tBid associates
with the membrane as surface-bound helices without trans-
membrane insertion. The substantial peak overlap reflects a
similar orientation of the tBid helices parallel to the mem-
brane, and spectral resolution in this region requires three-
dimensional correlation spectroscopy and selective isotopic
labeling (45).

Since the NMR frequencies directly reflect the angles be-
tween individual bonds and the direction of the applied mag-
netic field, it is possible to calculate solid-state NMR spectra for
specific models of proteins in oriented samples. For example,
the spectra of helices have wheel-like patterns of resonances,
called Pisa Wheels, that mirror helix tilt and rotation in the
membrane (37, 40, 41), and a comparison of calculated and
experimental spectra provides very useful structural informa-
tion prior to complete structure determination. The spectra
calculated for several orientations of an ideal 18-residue helix,
with 3.6 residues per turn and identical backbone dihedral
angles for all residues (¢, yy = —57°, —47°), are shown in Fig. 5
(B-F) and are compared with the experimental PISEMA spec-
trum obtained for tBid in oriented bilayers, in Fig. 5A. In each
spectrum, the characteristic Pisa Wheel pattern reflects helix
tilt, but only the spectra calculated for membrane surface hel-
ices, with tilts from 0 to 15°, have intensity in the region of the
experimental spectrum of tBid (inset box), whereas trans-mem-
brane helices with tilts ranging from 45 to 90° from the mem-
brane surface, have Pisa Wheels in a completely unpopulated
region of the experimental spectrum. Based on this compara-
tive analysis, we estimate that the helices of tBid are nearly
parallel to the lipid bilayer plane (0° orientation), with tilts of
no more than 20° from the membrane surface.

DISCUSSION

The results of this study demonstrate that tBid adopts a
unique helical fold in lipid environments and that it binds the
membrane without insertion of its helices. Solid-state NMR
studies of the antiapoptotic Bel-2 family member, Bel-X;, also
indicate that membrane insertion of the Bel-X;, helices is lim-
ited (42), and solution NMR studies show that Bcl-X;, adopts an

extended helical conformation in lipid micelles (46). Both tBid
and Bcl-X;, form ion-conductive pores that are thought to play
a role in apoptosis through their regulation of mitochondrial
physiology (23, 25), and since the samples in both the solid-
state NMR and ion channel activity studies of tBid were iden-
tical in their lipid composition and the manner of sample prep-
aration (23), the membrane surface association of tBid,
observed by solid-state NMR in this study, is very likely to
represent the channel-active conformation of the protein.

Pore formation by the Bcl-2 family proteins has been thought
to involve translocation of the central core helices through the
membrane, and the helices of both Bid and Bel-X;, are suffi-
ciently long to span the lipid bilayer. However, their am-
phipathic character is also compatible with membrane surface
association, in a manner that is reminiscent of the antimicro-
bial polypeptides, where binding of the polypeptide helices to
the bacterial membrane surface is thought to transiently de-
stabilize the membrane and change its morphology, inducing
leakage of the cell contents, disruption of the electrical poten-
tial, and ultimately cell death (45, 47). It is notable that bac-
terial and mitochondrial membranes have very similar struc-
tures and surface charge and that tBid is both capable of
altering bilayer curvature (12) and of remodeling the mitochon-
drial membrane (13), which would be sufficient to cause the
release of mitochondrial cytotoxic molecules. The membrane
surface association of tBid may also serve to display the BH3
domain on the mitochondrial membrane surface, making it
accessible for binding by other Bcl-2 family members.

Although tBid does not insert in DOPC/DOPG lipid bilayers,
we cannot exclude the possibility that trans-membrane inser-
tion may be driven by the presence of natural mitochondrial
lipids, such as cardiolipin and monolysocardiolipin. These lip-
ids both bind tBid (14) and are concentrated at mitochondrial
outer-inner membrane contact sites where tBid localizes; how-
ever, a recent EPR study using these lipids also found no
evidence of tBid helix insertion through the membrane (44). It
is also possible that trans-membrane insertion of tBid requires
post-translational N-terminal myristoylation, since this has
been shown to enhance Bid-induced cytochrome ¢ release and
apoptosis (48), and that the interactions with other Bcl-2 family
proteins such as Bak and Bax or with other nonhomologous
proteins such as the mitochondrial voltage dependent anion
channel may promote insertion of the tBid helices through the
mitochondrial membrane.

Wagner and co-workers (17) monitored the solution NMR
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1H/**N HSQC spectrum of Bid after the addition of caspase-8,
testing the hypothesis that Bid activation is accompanied by a
conformational change. They found that the structure of Bid is
not changed by caspase-8 cleavage, since tBid remains associ-
ated with the N-terminal fragment, but proposed that dissoci-
ation occurs at lower physiological concentrations, through a
conformational on-off equilibrium. In light of the lipid affinity
of Bid and the data in Fig. 3 demonstrating that tBid is well-
folded in lipid micelles independently of the N terminus, it is
possible that lipids act as a third partner during caspase-8
cleavage of Bid. Thus, whereas in the absence of lipids the two
cleavage fragments remain associated, the presence of lipids
may enable dissociation by providing an environment where
tBid can fold independently.

In this regard, it is interesting to note that the Bid amino
acid sequence (**'PRDMEKE!") at the beginning of helix-6 is
similar to the conserved sequence (**PDVEKE'?) that forms a
short lipid recognition helix in the lipoprotein apolipophorin-
III. In Bid, this sequence forms a short loop that is solvent-
exposed and perpendicular to the axis of helix-6, whereas in
apolipophorin-III it forms a short helix at one solvent-exposed
end of the molecule that is perpendicular to the helix bundle
(49). This short motif is conserved in the Bid sequences from
various species, suggesting that it plays a role in the protein
biological function, and given the documented lipid-binding
activity of Bid (14), it may constitute a lipid recognition domain
for Bid similar to that of apolipophorin-III. Thus, it is possible
that the structure of tBid, destabilized by dissociation from the
N-terminal fragment after caspase-8 cleavage, undergoes a
conformational change whereby it opens about the flexible
loops that connect its helical segments to an extended helical
conformation, which binds to the membrane surface. This
would be similar to the mechanism proposed for apolipophorin-
III, which adopts a marginally stable helix bundle topology that
allows for concerted opening of the bundle about hinged
loops (49).
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